ABSTRACT: A temporal and geographical analysis of echolocation activity can give insights into the behaviour of free-ranging harbour porpoises Phocoena phocoena. Seasonal and diel patterns in the presence and foraging activity of harbour porpoises were investigated based on a year-long passive acoustic monitoring data set recorded at 5 sites in the western Baltic Sea. Diel patterns in detection rates were found at 4 sites. A year-round rhythm in presence, however, was found at only 1 station, whereas the other 3 stations showed diel rhythms for 2 to 3 seasons. Three of the sites showed diel patterns in foraging sequences on a seasonal level, but no station showed such patterns for the complete year of investigation. Both diurnal and nocturnal patterns in harbour porpoise detections were observed, indicating that diel rhythmic behaviour is more complex than previously reported. In contrast, foraging behaviour showed only nocturnal rhythms. Owing to the limitations in passive acoustic monitoring, all categorized foraging sequences are a minimum estimate. Therefore, classified foraging sequences are most likely pelagic foraging, while bottom grubbing could have been missed. Differences in the occurrence of foraging sequences between station, season and time of day lead to the assumption that the long-term echolocation diel patterns of porpoises strongly depend on the temporal changes in food availability and composition within a certain habitat. Echolocation behaviour of foraging porpoises is strongly influenced by seasonally available prey resources, which require adaptive foraging strategies. Therefore, owing to seasonal variations, analyses of diel patterns need to be conducted over sufficiently long time periods and large geographic scales to allow generalized interpretation of the findings. Consequently, no general conclusion regarding diel rhythms in harbour porpoise echolocation was found. We hypothesize that porpoises in the study area alternate between foraging on benthic prey in shallow waters at daytime and in the pelagic in deeper waters at night.
INTRODUCTION
Like all toothed whales (Odontoceti), harbour porpoises have developed an active acoustic sense, echolocation, to acquire information about their environment. To do so they emit series of pulsed, highfrequency clicks to receive information on their surroundings, including possible prey items, from the returning echo (Au 1993) . Harbour porpoises are known to echolocate almost constantly, emitting echolocation clicks on average every 12.3 s (Akamatsu et al. 2007 ). Maximum periods with no clicks, or clicks with amplitudes below recording threshold, ranging from 99 to 1300 s were found for 3 free-ranging porpoises equip ped with acoustic data loggers (Linnenschmidt et al. 2013) . Although diel variations and rare periods of silence occurred, Linnenschmidt et al. (2013) concluded that harbour porpoises echolocate almost continuously. Verfuß et al. (2009) showed that harbour porpoises use echolocation for orientation and foraging during daylight in relatively clear water conditions, independent of their ability to use eyesight or not (e.g. when blindfolded). Porpoises thus appear to use their echolocation independently of light conditions. They emit specific click patterns for orientation and prey capture (Verfuß et al. 2005 , DeRuiter et al. 2009 , Verfuß et al. 2009 ) and also for intraspecific communication (reviewed in Koschinski et al. 2008 , Clausen et al. 2011 . Click patterns thus allow the discrimination of different behavioural categories such as communication (Clausen et al. 2011) , foraging (Koschinski et al. 2008 , DeRuiter et al. 2009 , Verfuß et al. 2009 , Linnenschmidt et al. 2013 , or the use of local objects to lock on and approach during the navigation from one point to another (Verfuß et al. 2005) . According to Verfuß et al. (2009) foraging sequences can be separated into different phases by changes in echolocation behaviour, leading to altered inter-click intervals (ICI). The pattern in ICI during the search phase seems to be driven by a range locking to objects until a potential target can be detected. In captivity, the initial part of the approach phase is characterised by relatively stable ICI of around 50 ms (Verfuß et al. 2005) . The terminal part of the approach phase is marked by a sudden and rapid shortening of ICI to levels of below 10 ms (DeRuiter et al. 2009 , Verfuß et al. 2009 ). The ICI can reach a minimum of around 1.5 ms and remains constant at a distance of less than 1 m to the prey (Verfuß et al. 2009 ). In accordance with patterns in echolocation sequences of insectivorous bats during the final stage of a foraging attempt, click sequences with a short and stable ICI of below 10 ms are called 'buzzes' (Miller et al. 1995 , DeRuiter et al. 2009 , Verfuß et al. 2009 , Madsen & Surlykke 2013 . A rapid increase in ICI marks the end of the terminal part of the approach phase. At least 2 genetically and morphologically distinct populations of harbour porpoise Phocoena phocoena have been identified in the waters of the Baltic Sea (Wiemann et al. 2010 , Galatius et al. 2012 ). One population inhabiting the southern part of the Kattegat, the Belt Seas, the Sound and the western Baltic has an abundance of 40 475 (CI 25 614 to 65 041) individuals (Viquerat et al. 2014) . The other population, inhabiting in the Baltic Proper, has been classified by the International Union for Conservation of Nature (IUCN) as Critically Endangered (Hammond et al. 2008) . P. phocoena have high energy demands due to their small body size and thermoregulatory costs caused by the temperate waters they inhabit (Koopman 1998) . Their small size does not allow for the storage of energy reserves, thus leading to a high dependence on the year-round availability of food resources (Santos et al. 2004) . Therefore, seasonal shifts in porpoise distribution (Verfuß et al. 2007 , Benke et al. 2014 ) may be explained best by changes in prey densities (Sveegaard et al. 2012 ) and availa bility. For example, spring migrations of harbour porpoises into the Baltic Sea are known to track migrating herring to the spawning grounds (Koschinski 2002 and citations therein) , and harbour porpoise occurrence is positively correlated with herring densities (Sveegaard et al. 2012) . Diet regularly consists of the most abundant prey items (Christensen & Richardson 2008) , which is typical for a generalist and opportunistic feeder. According to stomach content analysis, the most abundant fish species in the local harbour porpoise diet are herring Clupea harengus, cod Gadus morhua and gobies (Gobiidae) (Lick 1991 , Sveegaard et al. 2012 . In the period between April and October, cod is the most important prey item, whereas in the period from November to March, cod and herring are of equal importance for harbour porpoises (Sveegaard et al 2012) . These species vary in size, caloric content, life cycle, water depth preference and migratory potential, and the availability of preferred fish species varies throughout the year (Sveegaard et al. 2012) . A daily consumption of 3.5 to 5.5 kg has been reported for porpoises in Danish waters (Lockyer 2007) . Furthermore, there appear to be differences in the diet composition between harbour porpoises of different ages. For instance, gobies and shrimps are more commonly preyed upon by sub-adults (Lick 1991 , Santos et al. 2004 ). These dietary changes could possibly be a result of different foraging strategies, depending on available prey items throughout the year, and depending on life stage to maximise energy intake while minimising energy expenditure during foraging.
Just as Mysticetes (baleen whales) show rhythms in their vocal behaviour (e.g. Risch et al. 2013) , diel and seasonal changes in acoustic (and foraging) behaviour are known also for various odontocete (toothed whale) species. Pacific white-sided dolphins Lagenorhynchus obliquidens change between 2 different click bout patterns from day to night, which is assumed to be related to prey species (Soldevilla et al. 2010a) . Similar rhythmic changes in the quantity or quality of vocalisations on a daily or seasonal basis have been recorded for short-beaked common dolphins Delphinus delphis (Goold 2000) , Risso's dolphins Grampus griseus (Soldevilla et al. 2010b) , finless porpoises Neophocaena phocaenoides (Akamatsu et al. 2010 , Wang et al. 2014 , 2015a , Dong et al. 2015 ), Heaviside's dolphins Cephalorhynchus heavisidii (Leeney et al. 2011) , Ganges river dolphins Platanista gangetica gangetica (Sasaki-Yamamoto et al. 2013) , bottlenose dolphins Tursiops truncatus (Dede et al. 2014) and Amazon river dolphins Inia geoffrensis (Yamamoto et al. 2015) , as well as assemblages of several odontocete species possibly feeding together (Au et al. 2013 , Hodge et al. 2013 , Lin et al. 2015 . Nocturnal patterns in presence and foraging activity have been also found for Indo-Pacific humpback dolphins Sousa chinensis (Wang et al. 2015b ). Higher nocturnal presence often associated with an increased foraging activity has been shown previously also for free-ranging harbour porpoises in the Baltic Sea by analysing diel patterns in their vocalisations (Carlström 2005 , Todd et al. 2009 , Dähne et al. 2013 , Linnenschmidt et al. 2013 , Mikkelsen et al. 2013 , Brandt et al. 2014 .
For example, distinct daily rhythms in the echolocation behaviour of harbour porpoises in the Baltic Sea, with increased echolocation encounter rates during the night and decreased ICI, could be identified by Carlström (2005) and Todd et al. (2009) . This striking nocturnal rhythm was also found at a reestablished stony reef in the Kattegat (Denmark), whereas an opposite diurnal rhythm with higher activity during the day was found for a reference position approximately 20 km away (Mikkelsen et al. 2013) . Differential findings for diel rhythms were also shown by Linnenschmidt et al. (2013) , who found a clear nocturnal rhythm in echolocation rates for a nearshore individual, whereas no rhythm for an individual in open waters could be found. In contrast, a more pronounced daily rhythm at deeper positions was found by Brandt et al. (2014) .
General conclusions, however, about unaffected diel rhythms of harbour porpoises in their natural habitat are rare. The presence of large artificial structures (Todd et al. 2009 , Mikkelsen et al. 2013 , Brandt et al. 2014 ) could alter behavioural patterns compared to natural habitats. Likewise, the catching and tagging of the animals might have an effect on the natural behaviour of an animal, which should be more relevant in short-term studies (Linnenschmidt et al. 2013) .
For the results presented here, a non-invasive approach to analysing echolocation in harbour porpoises in their natural habitat was chosen, over a large geographical scale and over a period of 12 mo. Data were gathered with stationary passive acoustic monitoring (PAM) devices to allow for the analysis of acoustic detection rates over large geographic areas in high temporal resolution.
The frequency of foraging events within acoustic detections is expected to indicate the distribution of prey. Furthermore, foraging success is likely to affect individual fitness and indirectly also population health. This study explores acoustic detection rates and therein the distribution of foraging click trains to elucidate how free-ranging porpoises use their habitat with relation to their foraging behaviour.
MATERIALS AND METHODS

Study location
The data were gathered at 5 stations around the island of Fehmarn and the Kadet Trench in the German part of the western Baltic Sea during a 12 mo period from April 2006 to March 2007 (Fig. 1) . The stations differed in water depth, ranging from 8 to 28 m, with 2 stations in less than 10 m (Stns 1 and 5) and 3 stations in more than 20 m (Stns 2, 3 and 4; Table 1 ). A total of 3 stations were relatively close to the coast (Stns 1, 2 and 5), whereas 2 stations were farther offshore (Stns 3 and 4). Stns 2, 3 and 4 were located close to main shipping routes with potentially high impacts by ship traffic.
All timing-porpoise detectors (T-PODs; Chelonia) were deployed in the water column at a depth of 5 to 7 m below the surface. Consequently, the distance from the T-POD to the surface was the same for all stations, while the distance to the bottom was dependent on water depth and differed between stations.
PAM
Static acoustic monitoring of harbour porpoises has been carried out in the German Baltic Sea since 2002 using autonomous echolocation click loggers like TPODs. These self-contained devices provide information on harbour porpoise presence and acoustic behaviour by logging echolocation-like clicks with the time of their occurrence and duration. The clicks are recorded by a hydrophone at the top of the T-POD and afterwards amplified and filtered by 2 band-pass filters. The so-called target filter is fitted to 130 kHz, the peak frequency in harbour porpoise clicks. The reference filter is set at 90 kHz, representing a frequency with no or little energy in harbour porpoise clicks. The sensitivity of a T-POD is also adjusted, corresponding to individual device performance to enable comparable results for all TPODs. The detection threshold for all T-PODs was adjusted to 127 dB re 1 µPa peak-peak. A recorded signal is classified as a porpoise signal by the T-POD if the ratio between the energy of the signal output and the reference filter exceeds a defined value. Additionally, the signal has to exceed a set detection threshold in duration and sound pressure level (Kyhn et al. 2008 , Verfuß et al. 2008 , Gallus et al. 2012 ). The maximum number was set to 240 clicks recorded in each scan (~9.17 s) to save battery power and memory storage. The T-POD settings were similar for all devices. For more details on the T-POD settings and their moorings, see Verfuß et al. (2008) and Gallus et al. (2012) .
In general, the PAM approach cannot discriminate between the absence of animals and a change (decrease of clicks) in echolocation behaviour, and only possible changes in the echolocation behaviour can be evaluated but not changes in the behaviour itself. Moreover, no information on the number of individuals recorded at a PAM station is available, and detection ranges can vary. The high temporal and geographical resolution enables a detailed analysis of possible rhythms in all porpoise clicks, which have been recorded over a large geographic scale.
Signal processing and detection of harbour porpoise presence
The software T-POD.exe Version 7.41 was used to download the gathered data. Afterwards, data were processed using the train detection algorithm Version 3.0. All click trains that were classified by the software into categories from 'cet high' to 'very doubtful' were double-checked visually to eliminate false positive sequences. The progression of ICI and the duration of individual clicks were used to verify clicks as being produced by a harbour porpoise (see Koschinski et al. 2008 for examples of detected harbour porpoises by the use of T-PODs). Sequences containing a minimum of 5 clicks have been classified as a porpoise click sequence (Verfuß et al. 2007 , Gallus et al. 2012 . Any 10 min period that contained at least 1 visually confirmed porpoise click sequence was classified as a porpoise-positive 10 min period (pp10min), resulting in a binary coded data set with 0 for absence and 1 for presence. Owing to a limited detection range and angle of the PAM approach, it is possible that harbour porpoises were present without being detected or that not all foraging sequences were detected. Consequently, no conclusion is possible on absence data in terms of registrations or foraging behaviour. No information about the proportion of false negatives is available. Therefore, only minimum estimates of porpoise detections can be assessed. Porpoise detection rates were computed as the proportion of pp10min intervals for the whole period of investigation (Table 1 ) and per hour. 
Classification of foraging sequences
For the evaluation of potential foraging sequences, all click trains classified to be of porpoise origin were taken into account. In accordance with previous studies, we used the detection of click sequences with a minimum ICI of below 10 ms as a first indicator for foraging activity (Carlström 2005 , Todd et al. 2009 , Verfuß et al. 2009 , Linnenschmidt et al. 2013 , Nuuttila et al. 2013 . Foraging sequences of harbour porpoises can show extreme variations in ICI before a sudden decrease to below 10 ms occurs (Fig. 2) . As a first approach, only sequences that (1) showed a sudden decrease in ICI, (2) consisted of at least 5 clicks below an ICI of 10 ms and (3) also contained clicks at an ICI level between 40 and 70 ms before the decrease (representing the initial part of the approach phase) were categorized as foraging sequences. In total, 901 pp10min periods with buzz content were analysed, resulting in only 137 periods meeting all of these criteria.
Therefore, a generalized additive mixed model (GAMM; Lin & Zhang 1999 , Wood 2006 , 2011 with 10 random foraging sequences was conducted as a training set to find the best criterion for the classification of foraging sequences. The model was evaluated using the procedure described in Zuur et al. (2010) . Echoes and overly long ICI (>100 ms) were removed prior to modelling using a custom-written R script based on ratios of successive ICI. Sounds having an ICI of below 15 ms with a ratio of 1/4 of the previous ICI were deleted. The 10 sequences were aligned at the first value below 10 ms, using and comparing a moving average of 3 ICIs, using 20 s before and 5 s after alignment as the length of each sequence. The GAMM was constructed using the ICI as dependent, time as independent and sequence number as foraging-positive 10 min period random term (factor), using the library mgcv (Wood 2011) in R with a Poisson distribution corrected for overdispersion with a log-link. Akaike's information criterion (AIC) was used for model comparisons. For the 10 analysed foraging sequences, ICI was suspected to be significantly influenced by time, which could be proved by the GAMM (estimated df = 8.754, F = 347.5, p < 0.001, intercept = 3.03, t = 37.97, n = 1979, adjusted R 2 = 58%; AIC was reduced in models using no random term) (Fig. 2) . The final segment of the buzz is missing in most field recordings on TPODs, most likely due to a limit of 240 clicks recorded in each scan of ~9.17 s duration: when clicks are emitted by porpoises at a repetition frequency of around 500 clicks per second or higher (see Verfuß et al. 2009 ), the clicks recorded sum up to the set scan limit in ~0.5 s. The model shows large 95% CI before the ICI drops to below ~30 ms. The smoothing spline confirms the assumption that the sudden decrease in ICI to below 10 ms is the most stereotypical part of foraging sequences recorded by T-PODs, by reason that CI around 10 ms are becoming narrow.
The presented classification of foraging sequences is assumed to be a more conservative indicator for foraging events than using ICIs below 10 ms. In contrast to previous studies, we used the sudden decrease in ICI, indicated by a drop to 2/3 of its initial value within 2 s, preceding the buzz as described in Verfuß et al. (2009) , as the criterion for foraging sequences. Click sequences with a relatively constant ICI of 1.5 to 2.5 ms that did not show a sudden decrease in ICI were therefore not categorized as foraging activity.
Foraging-positive 10 min periods (fp10min) were defined as pp10min containing a minimum of at least 5 clicks with an ICI below 10 ms and a sudden decrease in ICI within 2 s to below 10 ms. A probability of harbour porpoise foraging was generated as the proportion of fp10min intervals per pp10min for the whole period of investigation (Table 1) , and for the proportion of fp10min intervals per pp10min h -1 , corrected for differences in length of day and night .
Temporal analysis
Diel rhythms are defined as changes in behaviour in relation to day and night cycles. Day was defined as the period between sunrise and sunset, and night accordingly as the period between sunset and sunrise. Diurnal patterns are defined as any behaviour that occurs during daytime, whereas nocturnal describes any activity during night.
The local times of sunrise and sunset were downloaded for the geographic position of each station with the software program R (R Core Team 2013) based on information from an online database (http:// lexikon. astronomie. info/ zeitgleichung/; re trieved 16 June 2013). Data were separated into seasonal subsets for spring (April to June), summer (July to September), autumn (October to December) and winter (January to March).
Statistical analysis
Lomb-Scargle periodograms
Specific statistical processes are required for the analysis of rhythms in biological data, especially for the detection of weak rhythmic components in noisy data. Possible rhythms in pp10min and fp10min periods were determined by the Lomb-Scargle periodogram (LSP; Lomb 1976 , Scargle 1982 , Ruf 1999 ). The LSP is commonly used in astrophysical sciences and originates from but is not identical to, the classical Fourier spectrum analysis (Lomb 1976 , Scargle 1982 , Ruf 1999 ; it also proved to be effective in detecting rhythmicity in biological data (e.g. López-Duarte & Tankersley 2007 , Campos et al. 2008 , López-Duarte et al. 2011 , Frohlich et al. 2012 , Mat et al. 2012 ). This algorithm was chosen because of its ability to handle unequally sampled data, such as incomplete time series, or zero-inflated data like time series with a huge amount of zeros accounting for probable absence of animals. The data set in this study was binary coded, indicating presence or absence of harbour porpoises. To obtain a continuous numerical response, variable hourly means of the binary coded original data were calculated for each station prior to computing the LSP. Additionally, these averaged values serve as a low-pass filter for high-frequency noise but keep low frequencies like the analysed periods from 12 to 36 h. The highest peak in normalized power (PN) and the corresponding period of the LSP of presence and foraging activity was determined for each station. Periods scanned ranged from 12 to 36 h with an oversampling factor (cf. Ruf 1999) of 5, which corresponded to a resolution < 0.04 h. PN values indicate the spectral power of rhythmic components relative to the total variance in the data set as a function of angular frequency for all tested periods. Their statistical significance was determined by peak values in the periodogram exceeding the α = 0.05 level (Press et al. 1994 , Ruf 1999 , López-Duarte & Tankersley 2007 Campos et al. 2008 , López-Duarte et al. 2011 . A significant PN peak indicates that a given rhythm is better described by a sine wave than by a straight line across the mean values. All LSP values were computed using the R package lomb (Ruf 2013, version 1.0) .
Cosinor analysis
On a seasonal basis, data were further analysed by a cosinor analysis (which can be carried out with data obtained for a single period of a rhythm) for rhythms in detections and foraging. For this analysis, a sinusoidal function with a period of 24 derived from LSP computation was fitted to a time series of data points to estimate the quality of the fit, the amplitude and the phase angle of the peak. For this purpose, the function y = m + A × cos(t − φ) was fitted, i.e. a cosine fitted to the y-values determined at time t with an amplitude A around a mean m, that peaks at an acrophase φ (Batschelet 1981). The significance of rhythms was computed by an ANOVA from the ratios of variances around the overall mean to residual variances around cosine curves. This cosinor analysis was applied to hourly means calculated for the entire data set for each station, as well as for each seasonal subset. Visual inspection of all model residuals via histograms and quantilequantile plots provided no evidence for a relevant deviation from normality.
RESULTS
In the 12 mo period, 10.4% of observation hours were missing (Fig. 3 ) due to technical failure or adverse weather conditions. A total of 235 582 monitored 10 min periods over all 5 stations resulted in 9836 periods (4.2%) with porpoise detections (pp10min). In 6.2% (n = 607) of all pp10min, foraging behaviour was ascertained (Table 1) ; this constitutes 67.4% of all analysed 10 min periods with buzz content (n = 901).
Temporal patterns in harbour porpoise detections
Harbour porpoise presence and foraging activity was detected at all stations during night and day with variations in the distribution between stations and seasons (Figs. 3 & 4) . Harbour porpoise presence was highest at Stn 2 (n = 4014; 8.5%), followed by Stns 3 (n = 2268; 4.4%) and 1 (n = 1922; 3.7%) (Fig. 3 , Table 1 ). At Stns 1 and 2, harbour porpoises were detected consistently throughout the year, whereas in winter and early spring, almost no harbour porpoises were detected at Stns 3, 4 and 5.
Relative foraging activity was highest at Stn 2 (n = 363; 9%) followed by Stn 4 (n = 48; 5.4%) and Stn 3 (n = 121; 5.3%; Table 1 ). Especially in late spring and winter, foraging sequences at Stn 2 were mainly detected throughout the night with a sharp demarcation at sunrise (Fig. 3) . Relative foraging activity at Stn 1 (2.2%) was lower compared to Stn 2 (9%), although the distance between these stations was relatively short (25.8 km; Fig. 1 ). However, relatively more foraging sequences were recorded during the day at Stn 1. Stn 3 showed a more or less equal distribution of harbour porpoise detections throughout the year and the day, while foraging sequences tended to be more aggregated during the night. The number of foraging se quences was very low at Stn 4 but was higher during the night throughout the year. At Stn 5, most foraging sequences were recorded in late summer and autumn, while no foraging sequences were found in winter and spring. Fig. 4 allows for a comparison of harbour porpoise presence and foraging activity between stations and seasons on a diel level.
Analysis of diel patterns throughout the year
Data analysis with the LSP revealed a significant pattern with a period of about 24 h in harbour porpoise detections for Stns 1, 2, 3 and 4 (p < 0.05) (Fig. 5) . Associated spectral powers (PN values) were highest at Stn 2 (PN = 120) followed by Stn 1 (PN = 50), indicating pronounced diel rhythms. Diel rhythms could be determined also for Stns 3 and 4, but PN values were lower. Foraging sequences were also analysed for rhythms within the data (Fig. 5) . A diel rhythm occurred at Stns 2 (PN = 40) and 4 (PN = 11).
Owing to the fact that the LSP analysis detected rhythms with a length of 24 h in the data, the period for the cosi- nor analysis was set to 24 h. The analysis revealed a significant diurnal rhythm with a peak at day for harbour porpoise detections for summer, autumn and winter (p < 0.01 in all cases) at Stn 1 (Fig. 6 ). In spring, only tendencies for a diurnal rhythms could be shown (p = 0.08). A seasonally constant nocturnal rhythm in presence was found for Stn 2 (p < 0.001 in all cases). Nocturnal patterns were found in spring (p = 0.001) and autumn (p < 0.001) at Stn 3. A diurnal pattern was found in summer (p = 0.001). Nocturnal patterns were found at Stn 4 in spring and summer (p < 0.001). At Stn 5, a nocturnal pattern in harbour porpoise presence was de tected for winter (p = 0.044) and a diurnal pattern for summer (p = 0.018).
No evidence for diel rhythms in foraging behaviour was found for Stn 1 (Fig. 7) . A significantly higher nocturnal foraging activity was ascertained at Stn 2 for spring (p < 0.001), autumn (p < 0.05) and winter (p = 0.004). Tendencies for a nocturnal pattern could be shown for summer also (p = 0.072). The dotted line in spring represents the cosine fit, which did not seem sinus-shaped. Therefore, the data were fitted alternatively by a baseline-cosine fit (black line) (Ruf 1996) . At Stn 3, a diurnal pattern in foraging behaviour was found in summer (p = 0.002). A nocturnal pattern was revealed in the autumn (p = 0.02). Nocturnal patterns in foraging activity were also found for Stn 4 in spring (p = 0.011) and summer (p = 0.012). Additionally, tendencies for nocturnal patterns could be shown in winter (p = 0.079). Foraging behaviour at Stns 1 and 5 did not show any diel patterns. 
DISCUSSION
Seasonal and diel vocalization patterns
Cetacean species are well known for their recurring migrations and movement patterns, as well as for rhythms in foraging behaviour (Heithaus & Dill 2002 , Stern 2002 . Patterns in detections and foraging behaviour can also depend on season, time of day, lunar cycle and tide (Wang et al. 2015b ). Many of the seasonal and diel movements are believed to be prey-driven (e.g. Bräger 1993 , Benoit-Bird et al. 2001 , 2004 , Benoit-Bird & Au 2003 , Ford & Ellis 2006 , Miller et al. 2010 ; see our 'Introduction' for additional odontocete examples). Seasonal and diel movements of harbour porpoises were studied in detail by Read & Westgate (1997) , Sveegaard et al. (2011 Sveegaard et al. ( , 2012b and Teilmann et al. (2013) . For prey fish in the Baltic Sea, the seasonal migrations of herring have been tracked by fishermen for ages (e.g. Aro 2002) and are believed to coincide with porpoise movements (e.g. Koschinski 2002 , Sveegaard et al. 2012a ,b, Benke et al. 2014 ). In the study area, harbour porpoises ex pand their range eastwards during summer, as can also be seen in Fig. 3 , with porpoise presence concentrating in creasingly in summer and autumn months from Stns 1 to 5 (i.e. west to east). which did not seem sinus-shaped; therefore, the data were fitted alternatively by a baseline-cosine fit (black line)
The pattern of diel rhythms found in the western part of the Baltic Sea over a long period and large geographical scale proved to be rather complex. The results of the 5 stations from the current study show that foraging behaviour is site-specific as well as seasonally variable. Rhythms in foraging activity were found for 3 of 5 stations and were all nocturnal, i.e. peaking at midnight or at sunrise ( Table 2 ). The seasonal variation in the feeding pattern, however, was less clear. Only Stn 2 provided a sufficient number of fp10min (n = 363, or 9.0% of all pp10min at that station) to show a seasonal variability. In winter and spring, almost all recorded foraging took place at night, whereas in summer and autumn foraging was recorded frequently at night and in the daytime (Fig. 4) . There are several possible reasons for this seasonal change in feeding behaviour, such as alterations in the availability of prey fish or changes in the energy demands of the porpoises, e.g. owing to birthing or lactation.
Comparison with other studies
A nocturnal increase in the detection of free-ranging harbour porpoise foraging sequences was described previously by Carlström (2005), Todd et al. (2009) , Linnenschmidt et al. (2013) , Mikkelsen et al. (2013) and Brandt et al. (2014) . Distinction criteria for detecting foraging events such as ICI below 10 ms or mean ICI (used in Koschinski et al. 2008 , Todd. et al. 2009 ) are too imprecise to classify foraging behaviour alone.
Using the buzz rather than the sudden decrease in ICI as a criterion could lead to different results, as shown in Table 1 . The relative occurrence of buzzes was higher than the relative occurrence of verified foraging sequences, depending on the station (Table 1) . A high variation between stations in the relative occurrence of fp10min in all analysed buzz-positive 10 min intervals was found. At Stn 1, 56.8% of the buzz-positive 10 min periods were categorized as fp10min, whereas 73.3% could be ascertained at Stn 3. Additionally, using only a 'buzz ' as a criterion for foraging increases the uncertainty of the results obtained, as it is unknown whether a sequence is emitted for echolocation or for communication. Clausen et al. (2011) identified several distinct click sequences serving different communication tasks. Four of these, the so-called 'aggressive behaviour', 'contact calls', 'approach' and 'grooming', show a sudden decrease in ICI comparable to foraging sequences with maximum click rates of between 400 and 1100 s -1 . These click rates correspond to minimum ICI of 0.9 to 2.5 ms, which was also reported for foraging sequences (1.5 ms; Verfuß et al. 2009 ). Accordingly, all 4 communication patterns have a high similarity to the terminal phase of the approach in foraging sequences. The maximum ICI for aggressive behaviour click sequences does not exceed 5 ms. Therefore, aggressive behaviour se quences can be separated from foraging sequences. Nevertheless, a distinction between incomplete foraging sequences and the 3 other mentioned communication behaviours is not possible. The classification of the sudden decrease in the ICI during a foraging event as the most stereotypical part enables re searchers to develop algorithms for prey catch to filter data automatically. However, stricter criteria such as ICI around 1.5 to 2.5 ms are unlikely to lead to a more accurate classification with T-PODs, due to the scan limit of the instrument preventing a detection of the buzz itself. Additionally, a decrease in the sound pressure level of individual clicks by about 12 dB close to the catch of the fish decreases the probability of detection by a T-POD (Verfuß et al. 2009 ).
An increased detection of foraging sequences at one location or at a distinct time could be caused by a change in either behaviour or distribution of the harbour porpoises. Changes in occurrence inevitably alter the likelihood of recording foraging sequences, without necessarily a change in foraging behaviour. A comparison of the proportion of fp10min within the pp10min periods (Fig. 4) Table 2 . Diel patterns found by the Lomb-Scargle periodograms (LSP) and of significant peaks found by cosinor analysis for all stations. pp10min: porpoise-positive 10 min period; fp10min: foraging-positive 10 min period; (-) no diel pattern a rise in fp10min is caused by a change in density or behaviour. Although these findings agree with most studies in terms of detecting increases in foraging activity predominantly at night (Carlström 2005 , Todd et al. 2009 , Linnenschmidt et al. 2013 , Mikkelsen et al. 2013 , Brandt et al. 2014 , they also indicate that the feeding ecology of porpoises is more complicated. A consistent pattern of foraging activity throughout the entire year was not found for any of the analysed stations. Acoustic detections and the number of foraging sequences varied seasonally and among stations, indicating that porpoises may adapt their behaviour on different spatial and temporal scales. They either change from foraging to non-foraging behaviour, or they use different foraging strategies, possibly adapted to the availability of and preference for certain prey species throughout the year. A change in harbour porpoise foraging strategy may be caused, for example, by switching from benthic to pelagic prey or vice versa.
Porpoise foraging and prey behaviour in the Baltic Sea
Harbour porpoises show different behaviour patterns when foraging for benthic prey items such as some gobies (Gobiidae) and sandeels (Ammodytidae), which hide in the sediment in the daytime during autumn and winter (Ehrenberg & Ejdung 2008) . In these seasons, gobies occur in deeper waters with softer bottoms and increase their foraging behaviour in the water column during night, which is regarded as an anti-predator mechanism (Grabowska & Grabowski 2005 , Ehrenberg & Ejdung 2008 . While the harbour porpoise is searching for hidden prey in the sediment, it is vertically 'standing on its head' above the sediment, with the echolocation beam directed towards the seafloor. This foraging technique has been called bottom-grubbing (Desportes et al. 2000) and is unlikely to be recorded as direct path clicks on T-PODs, especially at deeper stations, where the click detector is moored at a considerable distance from the seafloor. As the T-POD is always hanging with the hydrophone directed upwards, the tube holding the electronics and batteries causes an acoustically 'blind spot' beneath it. Only isolated buzzes might be reflected from the bottom during grubbing, when the harbour porpoise suddenly changes orientation while chasing escaping prey and faces the T-POD during the fish-catch (Koschinski et al. 2008) . Such events, however, are more likely to be recorded by T-PODs moored close to the bottom (i.e.
at shallow positions such as Stns 1 and 5). All 3 stations in this study with nocturnal patterns in foraging activity were in waters deeper than 20 m, which may be related to preying on pelagic fish species. At the deeper stations, the prevalence of vertical migration of fish species may be more pronounced compared to shallow areas. The foraging sequences analysed in this study thus may have originated primarily from foraging on pelagic fish at the deeper stations. Based on the data, it is not possible to discriminate between a change in foraging effort and an alteration in foraging technique.
Ecology of porpoise prey species
In the western Baltic Sea, the prey of harbour porpoises consists of several fish species, mainly herring, cod and gobies (Lick 1991 , Sveegaard et al. 2012a . Some of the prey species are predominantly pelagic and schooling (such as herring, sprat and young cod), whereas others, such as most goby species (e.g. Gobius niger, Neogobius melanostomus, Pomatoschistus microps, P. minutus, P. pictus) as well as sandeels (e.g. Ammodytes marinus, A. tobianus, Hyperoplus lanceolatus) and other species (e.g. Zoarces viviparus), have a primarily benthic lifestyle. Many fish species in the Baltic Sea follow diel behaviour patterns (e.g. Hansson et al. 1990 , Cardinale et al. 2003 , Axenrot et al. 2004 , Grabowska & Grabowski 2005 , Bernreuther 2007 , Espeland et al. 2010 , Nielsen et al. 2013 . Predatory fish follow their prey while trying to avoid being eaten at the same time. This can lead to a vertical movement within the water column on a diel basis with mid-water or near-surface distribution at night and near-bottom distribution during daylight hours. In the Baltic Sea, as in other seas, typical fish prey such as planktonic crustaceans (e.g. calanoid copepods), mysids and ichthyoplankton perform vertical movements on a diel basis (Donner & Lindström 1980 , Rudstam et al. 1989 , Kotta & Kotta 2001 , Hensler & Jude 2007 , Barz & Hirche 2009 , Ogonowski et al. 2013 ). This behaviour also occurs in comparatively shallow waters and is triggered by changes in light intensity to avoid predation. Following its prey, diel vertical movement of porpoise prey species has been found in young cod (Nilsson et al. 2003 , Anderson et al. 2007 , Espeland et al. 2010 , Nielsen et al. 2013 as well as in herring and sprat (Cardinale et al. 2003 , Axenrot et al. 2004 , Barz & Hirche 2009 , Didrikas & Hansson 2009 ). At night, predator avoidance mechanisms in herring are relaxed, and herring aggregate less in schools with decreased individual swim speed (Cardinale et al. 2003 , Didrikas & Hansson 2009 ). Therefore, it may be energetically advantageous to capture herring at night for a hunter that does not depend on light (Perry & Neilson 1988 , Espeland et al. 2010 . Altogether, this prey behaviour may provide the reason for the increased nocturnal foraging activity that was verified for 3 stations. A significant diurnal rhythm in porpoise presence was found at Stn 1 in summer, autumn and winter, but no diel rhythm in foraging behaviour was detected, suggesting that this area is either of importance to harbour porpoises for reasons not primarily related to foraging or that benthic foraging se quences could not be detected by the T-POD. The shallow water depth of 8 m and the grainy sediment at this station may also allow harbour porpoises to prey visually on gobies hidden in the sand or among rocks. It may be energetically more advantageous to perform bottom-grubbing in shallower waters to avoid frequent deep and long dives, as proposed by Brandt et al. (2014) . Gobies and sandeels have a low acoustic reflectivity and presumably are more difficult to detect with echolocation clicks than pelagic fish with a swim bladder, since swim bladders account for 90 to 95% of the reflected acoustic energy in fish (McCartney & Stubbs 1971 , Foote 1980 , Didrikas & Hansson 2004 . The effects of sound absorption by scattering bubble clouds could also decrease the echolocation ability of harbour porpoises in shallow waters (Clay & Medwin 1977 , Leighton 1994 . Therefore, visual perception might become more important when foraging for gobies.
CONCLUSIONS
The harbour porpoise in the Baltic Sea is an apex predator with a rather complex temporal and spatial distribution pattern while adapting its foraging strategy to prey behaviour. Differences in the occurrence of foraging sequences between stations, seasons and times of day lead to the conclusion that the diel pattern a porpoise displays in a certain area depends on its habitat characteristics and its temporal changes in food availability. Therefore, the development of adaptive foraging strategies may be required for an animal with a high permanent energy demand. The emerging diel pattern includes geographical and vertical movements throughout the day, probably to forage more effectively in shallower waters at daytime and in deeper waters at night.
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